INTRODUCTION
Influenza is an infectious disease responsible for morbidity and mortality during yearly epidemics and occasional pandemic outbreaks. Vaccination is an efficient tool in containing the virus by stimulating the immune system and will be of eminent importance in case of a pandemic. However, the immediate availability of influenza vaccine during a pandemic is hindered by the laborious vaccine production process (1) . For this reason, it is desirable to stockpile influenza vaccines for future pandemics, at least for influenza strains like H5N1 which have a high pandemic potential (2, 3) . Yet, limited shelf life of current vaccine formulations and ongoing antigenic drift of the H5N1 virus hamper the stockpiling process (4) (5) (6) . Therefore, new strategies have to be developed to improve prepandemic preparedness.
H5N1 virus circulates mainly in aquatic birds and in poultry in Southeast Asia and occasionally infects humans who are in close contact with the infected birds. Human to human transmission is rare and very few cases have been reported until today (7, 8) . Yet, recent studies have shown that a very limited number of mutations may allow for efficient human to human transmission in the future (9) (10) (11) . Hence, H5N1 poses a constant threat of causing a new pandemic Much effort has been put in the development of H5N1 vaccines. It appeared that unlike other influenza A vaccines, the H5N1 subtype requires two vaccine doses for effective protection (12, 13) . The need for two doses of vaccine creates an obstacle to prepandemic preparedness and may contribute to a high risk of vaccine shortage during pandemic outbreaks. Furthermore, H5N1 viruses display distinct antigenic drift; currently nine clades and several subclades are distinguished (14, 15) . In some cases, influenza vaccines from one clade may provide cross protection against another clade(s). Yet, in other cases, cross-reactivity is very limited (16) . Interestingly, a recent clinical study has demonstrated that immunization with one H5N1 virus strain, i.e., A/Vietnam/1203/2004 can prime for boosting with another strain, i.e., A/Indonesia/05/ Anke Huckriede and Wouter L. J. Hinrichs contributed equally to this work. 2005 and that the resulting antibodies can neutralize both the virus strains (17) . The heterologous boosting of immune responses with vaccines from drifted H5N1 virus has paved the way to pandemic preparedness. Indeed, several countries including the USA have currently stockpiled prepandemic H5N1 vaccines.
The instability of liquid influenza vaccine is an important problem in stockpiling of H5N1 vaccines (18) . Influenza vaccines can be stabilized by incorporating them into a glassy matrix of a sugar, e.g., inulin, dextran, or trehalose, for example, by means of freeze-drying techniques (19) (20) (21) (22) . Dried vaccines can be reconstituted prior to intramuscular (i.m.) injection. Yet, ideally, they would be used in dry form, e.g., as powder or formulated in a unit-dosage form-like tablets. Tablets are easy to distribute and administer during challenging situations like the outbreak of an avian influenza pandemic.
Unfortunately, delivery of influenza vaccines to the gastrointestinal tract as such induces suboptimal immune responses (23) . Recently, s.l. delivery of influenza vaccine has raised interest. Preclinical studies in mice have shown promising results: s.l.-administered influenza vaccine is capable of inducing hemagglutination-inhibiting antibodies in serum as well as a local immune response in the upper respiratory tract (24) (25) (26) (27) (28) (29) . Secreted IgA in the mucosa provides a local immune protection. IgA antibodies in the nose have an added advantage because they can neutralize the virus at the port of entry (21, 30) .
In this study, we tested the possibility of formulating a whole inactivated virus (WIV) H5N1 vaccine into a stable s.l. tablet and the suitability of such a tablet to prime for an immune response which can be boosted by i.m. immunization with a conventional vaccine formulation. We 
MATERIALS AND METHODS

Materials
The NIBRG-14 (a reassortant strain of A/PR/8/34 (H1N1) and A/Vietnam/1194/2004 (H5N1)) and NIBRG-23 (a reassortant strain of A/PR/8/34 (H1N1) and A/turkey/ Turkey/1/2005 (H5N1)) vaccine strains were obtained from the National Institute for Biological Standards and Controls (NIBSC), Potters Bay, UK and were propagated on embryonated chicken eggs. Inulin 4 kD was procured from Sensus (Roosendaal, The Netherlands). The tablet excipients, i.e., Avicel PH 102 (micro-crystalline cellulose) and Ac-Di-Sol (cross-linked sodium carboxymethylcellulose) were purchased from FMC, Biopolymers (Philadelphia, USA), and mannitol from Bufa (Uitgeest, The Netherlands).
Vaccine
Whole inactivated influenza virus (WIV) was derived from NIBRG-14 and NIBRG-23 viruses by inactivating them with β-propiolactone as described previously (21) . Thereafter, WIV was purified by dialyzing overnight against HBS (2 mM Hepes, 125 mM NaCl, 0.9 mM CaCl 2 , and 0.5 mM MgCl 2 ; pH 7.4). The protein concentration of the inactivated vaccine solution was determined by micro-Lowry assay (31) . The hemagglutinin (HA) content of the vaccine was considered to be one third of the total protein content.
Freeze-Drying
The NIBRG-14 vaccine was freeze-dried as described previously (19) . In brief, the vaccine was mixed with an aqueous inulin solution with a HA: inulin weight ratio of 1:500 and a final inulin concentration of 5% w/v. Subsequently, 10 ml glass vials were charged with 2 ml of the vaccine dispersion. The samples were frozen by immersing the vials in liquid nitrogen for 10 min. After freezing, they were placed on the shelf of a freeze dryer (Christ Epsilon 2-4 freeze dryer; Salm and Kipp, Breukelen, The Netherlands). The shelf and condenser temperatures were set at −35°C and −85°C, respectively. The freeze-drying process was initiated by reducing the pressure to 0.180 mBar, and the shelf temperature was gradually increased to 4°C over 32 h. Thereafter, the pressure was further reduced to 0.05 mBar while the temperature was gradually increased to 20°C over 11 h. Freeze-drying was continued under these conditions for another 24 h. After freeze-drying, glass vials were closed in a nitrogen atmosphere with a controlled relative humidity of less than 10% and stored at room temperature until further use.
Formulation and Evaluation of s.l. Vaccine Tablets S.l. tablets weighing 30 mg were formulated by mixing freeze-dried NIBRG-14 vaccine (25% w/w) with Avicel PH 102 (55% w/w), mannitol (10% w/w), and Ac-Di-Sol (10% w/w). The powder mixture was compressed using a single (6 mm× 2 mm capsule-shaped die) tablet press with a compaction force of 10 kN, which was reached within 5 s. The crushing strength of the tablet in radial direction was evaluated using a tablet tester (Model 6D (SG), Pharmatron, Switzerland). The tablet disintegration test recommended by pharmacopeia could not be used, because the size of the tablets was too small for the meshes of the basket. Hence, we adopted a simple method as described by Rawas-Qalaji et al. (32) . Briefly, the tablet was immersed into a test tube filled with 2 ml of water, and the time required for breakdown of the tablet into smaller fragments was recorded by visual inspection.
SDS-PAGE
The biochemical integrity of proteins in freeze-dried NIBRG-14 vaccine was analyzed by SDS-PAGE under nonreducing conditions and compared with unprocessed NIBRG-14 vaccine. The freeze-dried samples and the tablets were reconstituted in water. The reconstituted and unprocessed samples and a prestained protein ladder (PageRuler 10-170 kDa, Thermo Scientific, USA) were incubated at 37°C for 10 min. Thereafter, the samples were mixed with sample buffer (Novagen® 4X SDS Sample Buffer, Millipore Corporation, USA). Each sample was then loaded on a precast gel (12% polyacrylamide Mini-PROTEAN TGX Precast Gels, Bio-Rad, USA) and resolved at 100 V for 1.5 h. Subsequently, the polyacrylamide gel was subjected to silver staining as reported earlier (33) . The gel was dried and scanned using an HP scanner.
Hemagglutination Assay
The hemagglutination capacity of the unprocessed NIBRG-14 and NIBRG-23 vaccines, reconstituted freezedried vaccines, and solubilized tablets was determined as described earlier (34) . In brief, a dispersion of the vaccine containing 5 μg of HA in 50 μl phosphate buffer saline (PBS) was prepared and added to the first well of a V-bottom microtiter plate (Corning Constar, USA). Subsequently, the solution was serially diluted twofold in PBS (pH 7.4). Subsequently, 50 μl of 1% guinea pig red blood cell (RBC) suspension was added to the wells, and hemagglutination was allowed to proceed for 2 h at room temperature. The highest dilution of vaccine capable of agglutinating the RBC was recorded as one hemagglutination unit (HAU). The measurements were performed in triplicate.
Immunization Studies
Animal experiments were evaluated and approved by the Committee for Animal Experimentation (DEC) of the University of Groningen, The Netherlands. Female BALB/c mice (6-8 weeks old) were purchased from Harlan (Zeist, The Netherlands). All procedures in mice were performed under isoflurane/O 2 (inhalation) anesthesia.
The mice were immunized on day 0 and day 56 according to the immunization schedule depicted in Table I . To ensure proper s.l. vaccination, the dry vaccine powder was reconstituted in 10 μl PBS and pipetted carefully under the tongue of anesthetized mice. The freeze-dried vaccine powder was used for reconstitution because it was found that the reconstitution of the formulated tablet required more than 10 μl of water, while the sublingual cavity of a mouse can only accommodate maximally 10 μl of liquid. After s.l. immunization, the mice were placed on a flat surface for 30 min under anesthesia to ensure effective immunization. Mice were sacrificed on day 84.
Blood samples were taken twice, i.e., on day 28 by orbital vein puncture and on day 84 via cardiac puncture. The samples were centrifuged and the serum was collected. Serum samples were stored at −20°C until further analysis. Nasal wash and bronchoalveolar lavage (BAL) were performed as described earlier (34) .
Hemagglutination-Inhibition Assay
The antigen-neutralizing capacity of the collected sera was evaluated by HI assay and was performed according to the procedure used by Audouy et al. (21) . In short, serum was inactivated by incubating it with kaolin suspension at 56°C for 20 min. Subsequently, after centrifugation at 1200 rpm, the samples were transferred to the first well of a V-bottom 96-well plate in duplicate and serially diluted twofold in PBS (pH 7.4). Then, 50 μl of either NIBRG-14 or NIBRG-23 vaccine containing four HAU was added to the wells. After 40 min of incubation at room temperature, 50 μl of 1% guinea pig erythrocyte in PBS was added to the wells. After 2 h of incubation at room temperature, the highest serum dilution capable of preventing hemagglutination of RBCs was scored as HI titer. By convention, titers below the detection limit (<8) were assigned a titer of 4 for calculation purposes. An HI titer of ≥40 is considered to be effective in reducing the chance of influenza infection by 50% (35) (36) (37) . HI titers are presented in 2 log scale; a titer of 40 equals a 2 log titer of 5.3.
ELISA ELISA was performed as described previously (34) . Briefly, ELISA plates (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) were coated overnight with WIV (NIBRG-14 or NIBRG-23) containing 500 ng of total protein (WIV) and then blocked with a 2.5% aqueous solution of milk powder in PBS at 37°C. The plates were washed and then charged with prediluted samples (serum, nasal, or lung lavages), which were serially diluted till the last well of the plate (12 times), and the plates were incubated for 1.5 h at 37°C. Then, 100 μl of horseradish peroxidase (HRP)-conjugated anti-mouse IgG, anti-mouse IgG1, anti-mouse IgG2a, or anti-mouse IgA (Southern Biotech, Birmingham, USA) diluted 1:5000 in PBST was added followed by incubation at 37°C for 60 min for the detection of IgG, IgG1, IgG2a, and IgA, respectively. Thereafter, the antibodies were detected using 1,2-phenylenediamine dihydrochloride (Sigma Aldrich, USA) as substrate in the phosphate-citrate buffer. The absorbance at 492 nm was measured with a micro-plate reader (Synergy HT, BioTek, USA). IgG antibody titers are given as the reciprocal of the sample dilution calculated to correspond to A492=0.2 after background correction, and IgA levels are presented as average of the maximum absorbance of 1:1 diluted nose and lung washes. The measurements were performed in duplicate.
Statistical Analysis
The titers are given as the geometric mean±standard error of the mean (SEM), unless stated otherwise. The differences in titers between groups were analyzed by Mann-Whitney U test at 95% confidence interval (P<0.05). Significance is denoted by one symbol (P≤0.05) or two symbols (P≤0.01).
RESULTS
Formulation of WIV as s.l. Tablet and Evaluation of Tablet Properties
In order to assess whether formulation of WIV influenza vaccine as tablet for s.l. administration is feasible, the inactivated NIBRG-14 was freeze-dried using inulin as stabilizer, mixed with other tablet ingredients, and compressed. During this procedure, the vaccine encounters stress related to freeze-drying and tableting. Therefore, to investigate the stability of the vaccine in s.l. tablets, the unprocessed vaccine, the freeze dried vaccine, and the tablets were subjected to different tests such as SDS-PAGE and HA activity assay. Furthermore, the crushing strength and the disintegration time of the tablet were determined.
Stability During Drying and Tableting
First, the proteins in WIV (NIBRG-14) were investigated to establish that they remained intact during freeze-drying and tablet formulation. WIV proteins, i.e., HA, neuraminidase (NA), matrix protein (M1), and nuclear export protein (NS2) of processed WIV were compared with those of unprocessed WIV by SDS-PAGE analysis under nonreducing conditions. Knowing their molecular weights, the WIV proteins could be identified by comparison with the standard protein mixture. The band patterns of HA, NA, M1, and NS2 did not change after processing of WIV by freeze-drying and subsequent compression into tablets (Fig. 1a, compares lanes  2, 3, and 4) . The faintness of bands in lane 3 may be due to adsorbent properties of Avicel PH 102 and Ac-Di-Sol (which are insoluble) included in the tablet formulation. This result confirms the biochemical integrity of WIV proteins after freeze-drying and formulation.
Next, the structural stability of inactivated NIBRG-14 was investigated in vitro by determination of the hemagglutination activity. As shown in Fig. 1b , the NIBRG-14 vaccine did not lose any hemagglutinating capacity during freezedrying and processing of the freeze-dried powder into a tablet.
Tablet-Crushing Strength and Disintegration Time
The tablets should have good mechanical stability in order to withstand the stress related to packaging and transport. The crushing strength of the formulated tablets was found to be 41.80±0.92 N (n=10), which is high for these small tablets. In addition, the s.l. tablet should disintegrate rapidly to efficiently deliver the enclosed antigen and to prevent swallowing of the vaccine released from the tablet (38) . The disintegration time of the formulated s.l tablet was found to be 2±1 s (n=10).
It can be concluded that inulin sugar glass technology can be successfully applied to prevent deterioration of WIV during stressful process conditions like freeze-drying and compression. The formulated tablets fulfilled the requirements regarding strength and disintegration for s.l. tablets. Hence, a stable influenza vaccine in the form of a sublingual tablet can be made using inulin glass technology.
Effect of s.l. Priming on the Immune Response to i.m. Immunization
In order to evaluate whether s.l. immunization can prime for a subsequent i.m. boost, mice were immunized s.l. with NIBRG-14 (20 μg HA) on day 0 followed by an i.m. booster immunization with NIBRG-14 or the drift variant NIBRG-23 on day 56 (5 μg HA). Control groups received prime and boost via the i.m. route (5 μg HA each) or received PBS on day 0 followed by i.m. immunization with NIBRG-23 (5 μg HA) on day 56. Serum antibodies toward NIBRG-14 and NIBRG-23 were evaluated on day 28 (after prime only) and on day 84 (28 days after the final immunization), respectively. Mucosal antibody responses in lung and nose were determined on day 84 after termination of the animals.
Hemagglutination-Inhibition Titers
On day 28, after a single immunization with NIBRG-14 WIV serum, HI titers against the homologous virus were below the detection limit ( 2 log 3), irrespective of whether the immunization was given via the s.l. or the i.m. route ( Fig. 2a,  b ; left parts, day 28). Similarly, no HI titer against the heterologous drift variant NIBRG-23 was observed 28 days after s.l. or i.m. immunization with NIBRG-14 ( Fig. 2a, b ; right parts, day 28). However, HI titers toward NIBRG-14 were readily observed upon i.m. boosting of the s.l.-or i.m.-primed mice and exceeded the titer of 40 ( 2 log titer 5.3), and freeze-dried WIV which was processed into a formulated tablet (light gray bar). The HA assay was performed in triplicate. As no differences in HA titers were found, there are no error bars regarded as protective in humans (Fig. 2a, left part, day 84) . Priming via the s.l. route (dark gray bar) was somewhat less effective than priming via the i.m. route (light gray bar) in this respect. The NIBRG-14 prime/boost immunization regimens resulted in comparable levels of HI antibodies directed against NIBRG-14 (Fig. 2a, left part, day 84 ) and NIBRG-23 (Fig. 2a, right part, day 84) .
Interestingly, s.l. (or i.m.) immunization with NIBRG-14 primed not only for a homologous i.m. boost with NIBRG-14 but also for a heterologous i.m. boost with NIBRG-23 vaccine (Fig. 2b, day 84) . Priming with NIBRG-14 followed by boosting with NIBRG-23 resulted in 2 log HI titers of 6 (s.l. priming) and 8 (i.m. priming) against NIBRG-14 and NIBRG-23. In contrast, i.m. immunization with NIBRG-23 alone was not capable of inducing HI titers above the detection limit (Fig. 2b, black bars) .
Serum IgG Antibody Titers and IgG Subclasses
In contrast to HI antibodies, influenza-specific IgG (reacting with NIBRG-14 as well as NIBRG-23) could already be detected on day 28 after priming of the immune response with NIBRG-14 vaccine administered by the s.l. route ( Fig. 3a, b ; day 28, dark gray bars). These results clearly indicate that s.l. vaccination with WIV influenza vaccine induced a systemic immune response. Not surprisingly, the response elicited by s.l. priming was of somewhat lower magnitude than the response induced by i.m. priming ( Fig. 3a,  b; day 28, light gray bars) . An i.m. boost with either NIBRG-14 (Fig. 3a) or NIBRG-23 (Fig. 3b) further increased the IgG titers in s.l.-primed mice (Fig. 3a, b compares day 28 with day 84 titers) and had an even greater effect in i.m.-primed animals (Fig. 3a, b compares dark with light gray bars) . IgG titers in s.l.-primed and i.m.-boosted animals were significantly larger (P=0.0008) than in animals which received a single i.m. immunization (Fig. 3b, day 84 , compares dark gray bars with black bars). However, the difference was by far not as large as that between the i.m.-primed and i.m.-boosted and the i.m.-immunized group (Fig. 3b, day 84 , compares light gray bars with black bars).
IgG subtypes (IgG1 and IgG2a) were determined on day 84 to elucidate which type of T-helper cell response, i.e., Th1 (IgG2a) or Th2 (IgG1), was predominantly induced by the different vaccination regimens (Fig. 3c, d ). In line with the IgG titers, IgG1 and IgG2a titers were lower for s.l.-primed mice than for i.m.-primed mice. For the NIBRG-14/NIBRG- 14 scenarios (Fig. 4a) , both regimens induced balanced responses with equal amounts of IgG1 and IgG2a. In contrast, for the heterologous NIBRG-14 prime/NIBRG-23 boost scenarios, IgG2a responses were clearly lower than IgG1 responses especially when tested against NIBRG-14 (Fig. 4b) . This effect was more pronounced for s.l.-primed mice than for i.m.-primed mice indicating that s.l. priming of IgG2a is somewhat less effective than i.m. priming. Still, IgG1 and IgG2a responses were higher for the mice immunized following a prime/boost regimen than for mice immunized only once i.m. with NIBRG-23 (except for NIBRG-23-specific IgG2a).
Mucosal Immune Response
The mucosal immune responses on day 84 were determined by measuring IgA levels against NIBRG-14 and NIBRG-23 in BAL and nasal washes. IgA reactivity against both viruses was observed in the BAL of all experimental groups except the group which received a single i.m. immunization with NIBRG-23 vaccine (Fig. 5a, b ). There was a trend toward higher levels of lung IgA in the i.m. prime/i.m. boost groups as compared to the s.l. prime/i.m. boost groups, but differences were not statistically significant (except for NIBRG-23-specific lung IgA in the groups primed and boosted with NIBRG-14 (Fig. 5a) ). In contrast to lung IgA, nose IgA, important for virus neutralization at the port of entry, was significantly better induced by the s.l. prime/i.m. boost regimens than by the i.m. prime/i.m. boost regimens. As expected, no IgA was detected in the nose of mice that had received a single i.m. immunization with NIBRG-23.
These results indicate that s.l. priming is very effective in inducing antibody responses in the upper respiratory tract, the port of entry of the virus. Moreover, the induced IgA responses are cross-reactive across different clades, and vaccine derived from one clade can prime for immunization with another clade.
DISCUSSION
In this study, we found that s.l. administration of NIBRG-14 WIV vaccine can prime for a subsequent i.m. boost. Priming was not only effective for providing a boost with homologous NIBRG-14 but also with heterologous NIBRG-23 WIV vaccine. This prime/boost regimen induced much better immune responses than an i.m. administration of NIBRG-14 or NIBRG-23 alone and resulted in HI titers of more than 40, considered as protective in humans. Moreover, mice immunized by s.l. priming followed by i.m. boosting showed significantly higher nasal IgA antibody levels than mice vaccinated by i.m. priming and boosting. Furthermore, we have shown that WIV vaccine can be formulated as a stable tablet with sufficient mechanical strength and a short disintegration time suitable for sublingual application.
Humans are naïve to H5 antigen. Hence, a single immunization with H5N1 vaccines appeared insufficient to induce protective antibody levels (39) Therefore, a multidose vaccination strategy is required to achieve robust immune responses. Indeed, the necessity of a 2-dose vaccination strategy for H5 vaccines has been proven in several clinical trials (40, 41) . In 2008, it was shown that an immune response primed by one type of H5N1 vaccine can be boosted with an antigenically distinct H5N1 vaccine for the induction of crossclade reactive, protective antibodies (12, 42, 43) . This observation opened the way for a pandemic vaccination strategy involving priming with a stockpiled H5N1 vaccine (derived for example from clade 1) followed by boosting with an H5N1 vaccine derived from the pandemic strain (which might be a clade 2 virus). So far, prime/boost strategies have been tested with inactivated virus administered via the i.m. route and with live attenuated virus given by the i.n. route. In this study, we provide evidence that priming is also possible when vaccine is administered via the s.l. route. Moreover, we show that s.l. priming not only enhances antibody titers upon i.m. boosting with a homologous virus strain but also is effective in priming for boosting with a heterologous strain.
In addition to enhancing serum IgG titers, s.l. priming also induced IgA responses in the upper respiratory tract. This is in contrast to i.m. priming which could induce IgA in the lungs but not in the nose. IgA in the upper respiratory tract is very important for neutralization of influenza virus before an infection can get established and IgA was shown to be much more effective in this respect than IgG (44) . Thus, next to the advantage of ease of immunization, s.l. antigen delivery has the additional advantage of inducing local immunity at the port of entry of influenza virus.
Sublingual immunization has so far been performed mainly in the context of s.l. immunotherapy (SLIT) in which allergens are administered via the s.l. route to diminish an allergenic immune response. Administration of allergens via the s.l. route has been in use for several years and has been very successful. More recently, the sublingual route has also been used for the induction of immune responses. Generally, s.l. vaccination with influenza vaccine required high doses of antigen and/or use of an adjuvant to elicit a robust immune response (24) . In this study, we tested s.l. vaccine administration as a priming strategy. Our results indicate that s.l. priming of immune responses can work even without an adjuvant, at least when performed with WIV which is known to be highly immunogenic due to the presence of single stranded viral RNA (45) . The effectiveness of s.l. priming can possibly be further enhanced by addition of suitable adjuvants to the vaccine. Recent studies of influenza vaccines with adjuvants including detoxified cholera toxin and c-di-GMP demonstrate promising results (27, 29, 46) . Although in the animal study reported here, liquid vaccine was given sublingually, we envisage that the WIV vaccine should ideally be converted into a dry and stable product and formulated into a s.l. tablet. Such tablets have two major advantages over the conventional liquid influenza vaccines. First, stockpiling is much easier because no refrigerated conditions are required. Secondly, administration of a s.l. tablet is much more easy than the conventional parenteral administration facilitating a rapid vaccination of the population which is imperative during a pandemic outbreak. In the present study, the NIBRG-14 WIV vaccine was incorporated in an amorphous inulin glass by freeze-drying and then compressed into tablets using appropriate excipients. The antigen stability after tableting was confirmed by SDS-PAGE and the HA assay. In previous studies, we have shown that WIV incorporated in inulin glasses shows an excellent storage stability (22, 45) . Therefore, although not investigated in the present study, it can be assumed that the WIV vaccine incorporated in the s.l. tablet can be stored at ambient temperatures for prolonged periods of time (years) without loss of antigenicity. The freeze-dried WIV influenza vaccine was formulated with Avicel PH 102, mannitol, and Ac-Di-Sol to fulfill the requirements of the s.l. tablet. The crushing strength (>40 N) and disintegration time (<3 s) of the formulated s.l. tablets were well within the limits (47) . The fast disintegration guarantees rapid delivery of antigen for effective immunization (38) .
CONCLUSION
Taken together, our results show that s.l. administration of WIV influenza vaccine can successfully prime for a later i.m. booster with a vaccine derived not only from a homologous but also a heterologous influenza strain. This vaccination strategy results in protective levels of serum antibodies as well as IgA in the upper respiratory tract. When incorporated into a polysaccharide matrix, the vaccine can be formulated as a stable tablet, enabling long-term storage and easy vaccine administration. The results indicate that s.l. priming of influenza-specific immune response with s.l. tablet vaccine is an ideal strategy for pandemic preparedness with respect to H5N1, a concept that may also be suitable for other influenza strains.
